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New Narrow States

v Heavy-Light mesons: D,(2317) J¥ =0T BaBar(2003)
D,(2460) JP =1+ CLEO(2003)

Chiral symmetry and HQS (2006)

Coupling to decay channels

V' Quarkonium states below threshold:

h.(3425)  CLEO, ES835 (2005)
1.(3638) Belle (2002)

equal masses:

unequal masses: B.(6276) CDF (2006)

v' Thresholds and the X,Y,Z states:
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Quarkonium Systems

0140406-002

Potential models: 38
2 M,
masses
spin splittings 3.6—
EM transitions
hadronic transitions G
. ~34—
direct decays >
S
7
3.2 |
Lattice QCD: Jnp(18)
(18)'/Y
masses variety of 3.0 Me
spin splittings ~ approaches JFC=0™+ 17~ 1t~ ottt qtt oft
EM transitions 2.8 =0 0 1 1 1 1

FIGURE 8. Transitions among low-lying charmonium states. From Ref. [65].
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To O(1/m?)

N 1 (517) (857) B S| 59 V(3)(7“) N 51 5 V@ )
mimo r2 3 m1mo

Fine and hyper-fine splitting

Multi-level algorithm allows lattice determination of potentials with unprecedented
precision

Lo Quenched
Y. Koma, M. Koma and H. Wittig |[hep-lat/0607009]
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Recent LQCD results

X0 — J/¢7

-0.05 1 I I | ——
L @ spat p,=(000) Jhp_, |
. % spat. p, = (100) JAp,,
Dudek, Edwards, Richards N o a0,
B =k spat. p; = cOsnk. | ]
hep-lat/0601137 oisf o s
R * CLEO phys. mass
[PR D73:074507 (2006)] o L 5 i T » CLEO lat. mass
< ’ &
El Xco = J/Py Xer — J/Yy he = ey Ll : s j I }
B/MeV 542(35) 555(113)  689(133) i I
p/MeV 1080(130) 1650(590) 00 031
at.mass 288(60 600(178 663(132
Fplh}t’s.mass/kev 232%41% 487%122% 601((55)) (1) 1 i : é 1 é 1 111 \ é
115(14 303(44 , 3
Iiiso/keV 204%31% 364%31% - Q" (Gev?)
M1 J/ —ney|| M2 xe1 — J/Yy
B/MeV 540(10) |[|B/MeV  617(142) I I I
Fpl}?;'sr.nrr?;:s/ keV 21. 5671((171)) % _0'199(121) o spat. p, = (000) Iy,
1.14(33 spat. p; = (100) Iy,
FPq]bDobG/ keV 2.9(5.5)) expt. —0.002(17 o1 & o spat. p; = (000) X gy
— . o j ' spat. p; = (100) %o o
% * PFI)DG ths. mas>s(

o« o . : # PDG lat. mass
Promising but still work to do: S ! » CLEOphys. mass
quenched 018
ground states
extrapolations . i ]

-0. L4 ;Lr

Q2 -> O | | lLL

a-> 0 0 QZ(O;VZ) 1
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Above Threshold
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Charmonium Spectrum
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Nearby Thresholds

TABLE I: Thresholds for decay into open charm and nearby
hidden-charm thresholds.
Channel Threshold Energy (MeV)
D°D° 3729.4
DtD~ 3738.8
D°D*° or D*° D" 3871.5
PP JA) 3872.7
DED*F 3879.5
w° Jhp 3879.6
DID; 3936.2
D*0p*0 4013.6
D*t D*~ 4020.2
n' Jhp 4054.7
P I ~ 4077
DID:™ or DIt D; 4080.0
a® Jh) 4081.6
©’ Jhp 4116.4
Dt D~ 4223.8
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Hard to extract states in the threshold region in LQCD

Excited states:
C(t) = (0| (t)@7(0)[0) =Y (0le"* ®(0)e™*|n)(n|®T(0)|0)

= Z 1(0|®(0)|n)|2e~ (En—Eot = ZAne_(E”_EO)t,

To extract N states in same channel - use an NxN two point
correlation function obtained from N independent operators

Cap(t) = (0124 (1)} (0)[0)

Find principal eigenvectors of
Cto)~Y2C(£)C(ty)~1/2,

Strong decay channels -- resonances:

At finite volume (V) only discrete momentum values -
Multimeson states have a discrete spectrum -
UseV dependence to disentangle resonances from multibody states.
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QCD Dynamics Near Threshold

® QCD dynamics is much richer than present
phenomological models - Lattice QCD

® Gluon/String dynamics

® |ight quark loops and strong decays

E. Eichten Fermilab - Wine and Cheese - Oct. 13, 2006
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Heavy Quark Limit - Static Energy

Short distance: Perturbative QCD
singlet: -4/3 O /r
octet :2/3 &s/r  gluelumps

Large distance: String
O r  String behavour

4 .
T Tps +TmST
3t Lo § ¢
peit ol
2 WH o 800 ﬁ/l
27 2mp;_
Hybrids are not narrow =
. - s
even in heavy quark limit S of
>
-1
210 Kk=0.1575 —o
ol

0.5 1 1.5 2 2.5 3
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Operators for excited

gluon states

TABLE I: Operators to create excited gluon states for small
qq separation R are listed. E and B denote the electric and
magnetic operators, respectively. The covariant derivative D
is defined in the adjoint representation [10].

gluon state J

operator

A 1 R-E, R:-(DxB)

I1, 1 RxE, Rx(DxB)

>, 1 R-B, R-(DxE)

IT,, 1 RxB, Rx(DxE)

Xy 2 (R-D)(R-B)

IT;, 2 Rx((R-D)B+D(R:-B))

Ag 2 (RxD)(RxB)+(RxD)(RxB)

351 2 (R-D)(R-E)

I, 2 Rx(R-DE+DR-E))

A, 2 (RxD)(RxE)+(RxD)/R xE)
E. Eichten

0.9

aEr B=2.5 N=4
ags~0.2 fm
o | Gluon excitations N=3 |
J N=2
string ordering
’ N=1
0.7 r 4
N=0
0.6 r Ay ]
;3
05 Eg - aglay=2z*5 |
g z=0.976(21)
Zy
04 I, .
short distance
degeneracies
R/ag
0.3 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14
FIG. 2: Short-distance degeneracies and crossover in the

spectrum. The solid curves are only shown for visualization.
The dashed line marks a lower bound for the onset of mixing
effects with glueball states which requires careful interpreta-

tion.
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Juge, Kuti, Morningstar

H)’bl’id Potentials PRL 82:4400 (1999); 90:161601 (2003)

Solve the Schoedinger
Equation for each potential

1 dhu(r) | (L)
2u dr? 2ur?

+Voo(r) } u(r) =FE u(r).

where
J=L+S, S=SQ+SQ, L:LQQ‘—i—J(g

(Lyg) = L(L+1) —2A% +(J3)

eigenstates

|LSIM;An) + €|LSIM; —An)

where €=%1, A = |\
Figure 2. Wavefunctions and potentials for the

P=¢(—DIAM c=ne(—1)FSA  various hybrid/meson states.
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Lattice QCD - light quark loops

I I
| .
- :
- 3Mz — My ko
i—o— 2Mp. — My 1:—0—

o (1P —15) +-

—— Y(1D —15) -

- T(2P — 15) .
- | T35-19) o
o T(1P —15) +
I T
09 1 1.1 09 1 1.1
LQCD/Exp’t (ny = 0) LQCD/Exp’t (ny = 3)

C.T. H. Davies et al. [HPQCD, Fermilab Lattice, MILC, and UKQCD Collaborations], Phys. Rev. Lett. 92,
022001 (2004) [arXiv:hep-lat/0304004].
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E. Eichten

Dependence on light quark mass

Energy Splitting (Gev)
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Including Light Quark Effects

Ho.

Hy

99

QR =P Q7+qQ

Cornell model (CCCM)

[7‘[0 + Ho + %[]@b = w1

NRQCD (without couplings light quarks)

light quark pair creation

Vacuum Pair Creation model Hy =7 / TZQﬁ(r)d?’T

Ho

(QPC)

Qq+qQ

meson pair interactions

Hi=2>,[:pa(r)V(r—1")pa(r') : d®r dr’

E. Eichten
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0.2 T T T T T T T T T

Lattice effort to extract couplings

B -0.2 | .
S
Al
= 04 r -
L
cy = [ Geelt) Caonll) =
Cpq(t) Cpa(l) 06| -
( \ state [1> ——<—
\/ nf m -0.8 i 1 1 1 1 1 Stla.te II2> 1 1 ]
— 2 4 6 8 10 12 14 16 18
=€ 2maqt , (1) f/a
. FIG. 13: The two energy levels, as a function of 7, normal-
\ V nf nf m + E i / ized with respect to 2mp (horizontal line). The curve cor-
$2%%% responds to the three parameter fit to E1(F), Egs. (80)—(82),
for 0.2fm <7 <0.9fm < re.
transition amplitude 0t4rg
"L
i 0.12 | .
Bt 1 oo
g = —Cfi ( ) . 0.1 = " 1
t lizo vVCBE(0)Cqq(0) ool % |
5 |
@©
. 0.06 | .. y
difficult to extract accurately \.
0.04 e -
‘\I
0.02 B §
. S
G.S. Bali, H. Neff, T. Diissel, T. Lippert and K. Schilling [SESAM Collaboration], 2 4 6 8 10 12 14 16 18
Phys. Rev. D 71, 114513 (2005) [arXiv:hep-lat/0505012]. f/a

FIG. 18: The transition rate g between |B) and |Q) states, as
a function of 7.
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Coupling to open-charm channels

Phenomenological approach:

Hi =330 pa(®)V(r = )pa(r) : d®rdir CCCM

pa, — E”YOtaC i Cj’}/otaq

Calculate pair-creation amplitudes,

Evaluate |<® Ds|H;|DD* > , etc. ELQ 2004

Solve coupled-state system

— + 1
¥ =%0+ ¥ solve Ho + H)

/ I w — Ho + 1€

CC DD for w and
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E. Eichten

Statistical Factors in Strong Decays

TABLE II: Statistical recoupling coefficients C, defined by
Eq. D19 of Ref. [10], that enter the calculation of charmonium
decays to pairs of charmed mesons. Paired entries correspond
tol=L—-1and {=L+1.
State DD DD* D*D*
'So —: 0 —: 2 —: 2
5 -3 -~ oE
Py 1:0 0:0 3: 2
°Py 0:0 3: 2 0:2
P, 0:0 % : % % : %
Py 0: 2 0: ¢ 2. 18
Dy 2:0 2:0 £ 2
°Dy 0:0 g : % % : %
D, 0:0 % : g % : g
°D3 0:32 0: 32 5.2
3F, % : 0 % : 0 % : 1—76
3F3 0:0 % : g % : 1—70
1F; 0:0 g : % g : %
SFy 0: g 0: % 1—72 : g—g
3Gs % : 0 g : 0 % : %
3Gy 0:0 % ; % % : %
1G4y 0:0 g : % g : %0
3Gs 0: % 0: i—f 19—6 : %

Fermilab - Wine and Cheese - Oct. 13, 2006
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Effects on the spectrum

Coupling to virtual channels induces spin-dependent forces in
charmonium near threshold, because M(D*) > M(D)

E. Eichten

: Splitting Splitting
State Mass Centroid (Po tential) (In duce d)
1S 2979.9¢ b —90.5°¢ +2.8
138, 3096.9 3067.6 +30.2¢ —0.9
13P, 3415.3% —114.9¢ +5.9
1°P 3510.5° . —11.6° —2.0
= 11P1 3524.47 3525.3 +0.6¢ +0.5
13P5 3556.2¢ +31.9¢ —0.3
= 213, 3638 3 6748 —50.1¢ +15.7
233, 3686.0° +16.7¢ —5.2
= 13D, 3769.9% —40 —39.9
13D 3830.6 0 —2.7
D, 38380  (8819)° 0 4.9
= 12D5 3868.3 +20 +19.0
23Pg 3881.4 —90 +27.9
23P 3920.5 -8 +6.7
2'pr 39190  (3922)° 0 54
2P, 39319 +25 —9.6
318, 3943" ; —66° —3.1
335, 4040° (4015) +22¢ +1.0

Fermilab - Wine and Cheese - Oct. 13, 2006
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M C(ZS) Mass=3637.4+/-4.4 nc(zs) Total Width

! [
° | ¢ |
Mass shifts: sy — B | T cLrox0s 8 |
"BELLE(03) | [ ——r o (03) ; g
3550 3600 3650 i
M(MeV/c?) ['(MeV)

S= 1.9 CL=1.5E-02

M’ ) = 3637.7 £ 4.4

H fi litting;
PRI M) M) = 32wa WO /om

M(J/) — M(n.) = 117 MeV

> mw) - M) = 67 Mev
Observed

Normalize to

(48.3 &+ 4.4) MeV

Shift
| 20.9MeV =  Agrees
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Modified State Properties
 Mixing

Y(1°D;) = 0.7541°D3) — 0.084|23D,) — 0.01133D,) +...; 57.6%(cc)

* [sospin breaking P wave decay - 6%

e Radiative Transitions

1°D1(3770) —  xc2 7(208) Xe1 v(251) X0 Y (338)
model 3.9 59 225
experiment* < 20 78 + 20 172 4+ 30

1°D2(3831) —  xe2 7(266) Xe1 7(308)
model 45 212

1°D3(3868) —  xe27(303)
model 286

E. Eichten - Fermilab BaBar Workshop - SLAC - Sept 16, 2006 -20c-



Decays into open charm

50

W”(3770) width agrees K _:
with experiment % N . |

:

3D2 1D2 § 20:— D(’/[lo’/////;i"'“w":

10

No strong decays below

DD* + DD* threshold

6.
st
°Ds  decay width small - |
O 4}
search in D) channel g |
= 8r
All remaining | D states are narrow =
tr
How to produce these states!? E | i 5.
g.'75 3.80 3.85 3.90 3.95 4.00
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The XY Z States

X(3872) Belle, August 2003
decays into J/¢ m n~, J/¢ 7Tnx’, J/py, D'DY 7V

Y(3940) Belle, August 2004
decays into J/v w

Y(4260) BaBar, June 2005
decays into ete”, J/Y wtr, J/¢ 7’70, T/ KTK™

X(3943) Belle, July 2005
decays into DD*

Z(3930) Belle, July 2005
decays into 7y, DD

Y(4350) BaBar, June 2006

decays into ete™, Y whm~
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Basic Questions in Charm Threshold Region:
e|s it a2 new state!
eCharmonium or not!?

Including light quark and string effects seems to blur the distinction
between charmonium and molecules, hybrids, etc.

Not true for narrow states near thresholds.

A molecular or hybrid state exists only if an addition
narrow state is seen in a given channel.

Purely counting states.

olf not what!
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Z(3930)

Belle observes the Z(3930) in YY production
Phys. Rev. Lett. 96, 082003 (2006) JPC _ gt or 27

Mass = 3929 + 5(stat) = 2(sys) MeV
Width = 29 £ |0(stat) £ 2(sys) MeV

Events/10 MeV/c2

Decay mode DD Zé%mgh

3.8

Hu, |

4.2

4, _ 4.3
M(DD) (GeV/c2)

NN
=

FIG. 3: The sum of the M (DD) invariant mass distributions

12 without (dashed) a resonance component. The histograms
show the distribution of the events from the D-mass sidebands
— 10 (see the text).
Q
o B
e
-
Q@
>
(N

DD angular distribution
favors J=2

o N S &)}

_IIIIIIIIIIIIIIIIII._
0 02 04 06 08 1

|cos 6%
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2P States

2 3P,

Surprisingly narrow width
- but | = 0 disfavored

2 3P,
model [' =29 MeV

80

decay widths (MeV)

;

A - . . A
3.925 3.950 3.975 4.000
W (GeV)

3.900

DD* + D*D 3
— = (.32 <
DD :
E
tD— 2
D l_) = 0.95 0.74 2 0.43 &= 0.16 S
DYDY
exp
. / Toos 5900 5om 5950 575 4000
Z(3930) likely X0 W Gen
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X(3943)

Belle observes the X(3943)
in recoil against the )/

Mass = 3936 = |4 MeV
Width = 39 £ 26 MeV

M(Pp(4040) - X(3943))

~ 100 MeV Large

BR(DD) < 41% @ 90%cl

BR(DD* + D*D) > 45% @ 90%cl

Nota °P, state
7
Likely the T). state, but

Belle [hep-ex/0507019]

%’150 ’
E T
= N il
=100 - Xco | H *
. WA T
T S X(3943)
. i R
0, o5 3 3s 4 4.5
IVlrecon(‘jhp) GeV/c2
0_7 IE b)
8
6F
i
L
o 3.|3 r: a
GeV/c
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Coupled Channels Results for 772/

[ = 50 MeV
3S Spin Splitting
increased

Requires bare splitting:
88 Mev

To check:

Extract 33S; pole from
CCC model of AR.

v' No improvement

Including DDp channels:

Width (MeV)

60

40

20

3.92 3.94

Mass (GeV)

3.88 3.90

Expected to add significant spin splitting

E. Eichten
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Y(3940) Belle [PRL94, 182002 (2005)]

Belle observes the Y(3940) in 30:—
B decays to K w J/Y

20

Mass =3940 x || MeV

Width = 92 + 24 MeV

Decay mode seen: W J/P

0
3880 4080 4280
M(wJhy) (MeV)

2 2P, ? Decay width versus mass

Not a good fit - mass, width, modes

decay widths (MeV)

Y(3940) needs confirmation

3.875 3.900 3.925 3.950 3.975 4.000

. . . W (GeV)
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X(3872)

Production: —
D Threshold
Belle and BaBar - Belle PAL 01, 2ol B0en
Produced in B decays. CDF I PrL 53,072001 2008
CDF and DO - Significant DO hepox 04450081
prompt production. BaBar ;_:; R
Mass 3871.1+ 0.4
iJEII:'-'.: I LE::HIIIU M :.‘.Iil.:;ﬁ'll;III 5 i_'iI:I'H.il I
3872 f
3.871.2 £ 0.5 MeV (3672) Mass_(MeVic )
. 0 3.871.1 £ 0.8 MeV
DD™ thresholds: PDGO06

+ 3.877.7 £ 0.8 MeV
M(X)— M(D%) — M(D*) = —0.4 £ 0.7 MeV CLEO Preliminary

More precise D masses
Width < 2.3 MeV @ 90 % c.l. Belle

Decays: 7 7 J/¢ discovery mode
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Number of Candidates/ 5 MeV/c ©

I i I
300 — N _'_I_
-] wes A —
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L i o C 3
- 152MBB | = I ;
200 — ] z
I 7 w 10 F E
- 1z :
- - S: -
L L
- iy =
100 — =
- - 35 3.75 4 4.25 45 4.75
D i | 1 ”’_FLHJ' | 1 1 1 1 1 | 1 1 1 | 1 1 |
0.40 0.60 0.80 1.00 1.20 ~ BH0oo
) — o B Dﬁ
e Use ~ 220 pb~* Run I Data S i
. A m -
_Fiun I --- CDF Preliminary = 400
5000 6059 + 145 (2S) - . +|.
] Mass: 3685.65 £0.08 |5tat| MeV/c ™ B *
] 6:3.42 +0,08 (stat) MeV/c ~ 300C
4000~ % - # i {]
. gt Tty N
] 626 + 85 Candidates ) % _
3000- Mass: 3871.6 + 0.9 (stat) MeV/c — o
] o (Fixed): 4.3 MeV/c -g 200 _
] T i e lyl<1
— L B
200 ] .Jl ‘vs',!.,n"-"'“w"““"!"“h"ﬁ"'""' M e o XU © 100\
] oo i o 1<yl <2
-ae
1000+ Z
| p(2S) :
< 0_. 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
oL, . | . . | . . 0.6 0.7 ﬂ 8 0.9 L
365 37 3/5 38 38 39 39 4 M - (GeV/c )

[TV o 1y

Mass of J yx'n Candidates [GeV/c 7]
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E. Eichten

-10

Detailed look at nearby thresholds

X(3871.2 £0.5)

- DR N
J/wp DOD_’]T_'_ J/’QD(U
M(X) — M(D°) — M(D*) (MeV)
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T TT mass distribution

fits p J/W (L=0)

Production rates

JPC — 1++ Strongly favored

JPC | 2 prob.

X(3872) FF 27 8%
¢ data points o—+ 25 8%
acc. corrected 1 0-02%5
prediction for | 5.5.10"
1+- | 3.8.10°5
2—— | 3.8.10°°
3+-| 3.8.10°5
3—— | 2.4.10°°

ot+ | 1.1.10°5
1t | 4.110°
0-t|35.10°17
0t— | <1100
ot+ | <1100

e = PR

E. Eichten

X(3872) yield per 20 MeVic®

CDF Il 360 pb”

2501 X(3872) — Jiyn'n
Iy p (L=0)
200 ~- Jiy p (L=1)
| Multipole Expansions for ct: | \
150
100223 1P. x 5 . \
o
D Vs |
50 s ‘*“‘N\ %
r o *-I-.-I-*-I-*-I-.-I-*-I-.-I-*-I- I‘-‘- — r '.-.+‘+.+‘:.+‘ & ‘
NPt L IO
_ED 1 1 I 1 1 1 I 1 1 1 I
0.4 0.5 ) 0.8
nn Mass [GeVicT)
CDF Run |l Preliminary L ~ 780pb~"
E 200 — lcos(@, )| <0.6 cos(®, )| > 0.6
= [
E 400 :ﬁnsi'-ﬁ )| = 0.5} eos(id, )| = 0.5)|cos(t, ) « 0.5]|cas{t, )] = 0.5
o [ -
Saof [T
bk A
: anf | A
- ‘ _;I_
100 5= | BE
0—— i i k
0 083 1,15 m2 o 063 115 =2
0 063 1158 w2 0 0.83 1.18 =2
||& @ = x| = %2
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Other decay modes

X(3872) — 7w J /9
X(3872) — ~J /1

~1.0+044+0.3 Belle

X (3872) — ~.J /1

= 0.19 £ 0.07 Belle + BaBar
X(3872) — wto=J /4

X(3872) » n°D°D° . 5" =l
X(3872) — ntn-J/jo oo A

M =3875.44+0.7 TV £ 0.8MeV & [fa
0 0, C 0,05 JOTER ]
rufr[:L;"'[:f':"'I| Izmr::f: Min") u::-cl-'{-';.:'** ll (GeV)

DD* "Binding Energy?”“:
+0.7
M-(mbo"' mD*O) = +4.3 + 0.7 -1.7 MeV
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s the X(3872) the 23P; charmonium state ?

Mass too low:

Setting the X'z to the observed mass and including the
coupled channel effects: M(X’c1 ) = 3920 MeV

Lattice - M(X'c1 ) = 4060 (70) MeV (quenched)  [Chen hep-lat/0006019]

Radiative transitions:
50% adm i x fure TABLE VI: E1 radiative transition rates.

Partial Width (keV)

of DODO
23P1(3872) — 13D1 (101) 1°Do v(41)
X(3872) — fﬂb’ 0.6 model 1.05 0.2
X(3872) — ~J/v 23P(3872) — JApy(698) </ 7(182)
( ) /y /w model 34.7 21.1

Belle + BaBar
X(3872) — ~vJ /vy
X(3872) — nta—J/y
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DODO* i DO*DO
Induced isospin breaking

only 8%.

Decay width grows rapidly
above threshold

Decay Width (MeV)

Lo 0 0 1 Leeebosostosssd |

3.87140 3.87145 3.87150 3.87155
W (GeV)

So is the X(3872) the 23P, charmonium state ?

NO (with caveats)
general form
| X >= cos(a)|ce(2°Py) > +sin(a)|D° DY + D" D >

not ruled out
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Y (4260)

Production: BaBar
Seen by BaBar in JPC _ - T e | e T
ISR production o P j’;;;ggg:;f e
E i ‘ of' ””””++*’*'*Y(%2:§?*ﬁ? il ]
5 SRS
Exp Mass(MeV)  Width(MeV) 4 H i\ " .
BaBar  4259:87 88:+23° dln L Nyt o
CLEO 42837 4 70" 5 R A i S 0
- - T Tdd e s s
Belle 4295+10" 1_5 1 33i26+13_6 m(va i) (GeVic)
Confirmed by CLEO and Belle small AR

Decays: 7 7 J/1
7m0 J /1

CLEO
KYK~J/

E. Eichten

Fermilab - Wine and Cheese - Oct. 13, 2006

discovery mode

consistent with
Isospin zero
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A charmonium state ?

4S state:

AR~ 2.5 for 4S at the
Y(4260) mass

Ruled out
2D state:
125?— / 2D
Decay widths g 0
Already have the cJ
2D (4160): T 48§

Ruled out (model dependent) & =

Mass (GeV)
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CLEO-c hep-ex/0606016

D:D, DD DD, D,'D;

rrrrrrrrrrrr Ty T TP r T e T T e T e T T T T T
| ! I | | ! l

.:ngl e ey S P

53

|
.95 440 4.05 . 415 42 4.2
Ecm ?éeV)

Model - Cornell Coupled Channel
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CLEO-c hep-ex/0606016
b Dst

D:D; DD D;'D; DSDs My
1.d ; ; ; : 51 Ys

0.9
0.8
0.7
_06
D
£o0.5
]
0.4
0.3

0.2

IR EE R ERERARR AR AR AR AR EEEREE RN
LR LR LR LR LR RARRN ARALL RARA

0.1

0.5 '5:'3

R T

| AN
95 4 4 . . . . 4.3

L)

Model - Cornell Coupled Channel
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Y (4350)

Seen by BaBar DUt It's not the Y(4260)...

|n th e d e Ca)’ mo d e Fit to m(2(w*n~)J/y) to avoid combinatorics.

Try S-wave 3-body phase space, old and new resonance, cannot find a good fit

_|_ ) I T T rorrrrere T - Data
L > [ S ] p— . Y(4260) + BKG

ﬂ- 7-‘- w ( 2 S) "é B E — New resonance + BKG
E 10— % — | 3-body phase-space + BKG
2 - ‘5 7 | [ BKG (ron-y(29)

m
Mass: 298 fb! | ] [ Nevt=78
BiBar ‘ / 1 Nbkg=3.8+1.1
4354 I 16 Mev ollLLE l} Tt Mass resolution
] ~TMeV
m(2(7{)]/\|!) (GeV/c?)
W. d h Incompatible with Y(4260), y(4415), or S-wave 3-body phase-space production
Idth:

Assuming a single resonance —> mass=(4354+16) MeV/c2, I'=(106+19) MeV (statistical errors only)
still insufficient to fully describe the spectrum (y?-prob = 1.4 x104)
compared with y2-prob = 1.6 x108 for Y(4260), 4.2 x10" for y(4415)

106 =9 MeV

QWGO06, June 27 2006 Shuwei YE 21

Confirmation needed
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XY, Z‘s Status Table

Observed  State JPC CC Alternative

Many X (3872) | ++ 2 7Py D D* Molecule
Belle Z (3934) 2++  2°P

Belle Y (3940)  Jp+
Belle X (3943) o0+ 315,

Babar Y 4260 | 4 SSl X Hybrid
CLEO ( ) . "D, ybri
Belle

Babar Y (4350) - 475 X

23Dy
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E. Eichten

Issues and Opportunities
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OptiOnS for X(3872) (225 papers)

DYDY molecule: threshold cusp:
Tornqvist (8-03, 2-04); Close and Page (9-03); Pakvasa and Bugg (10-04)

Suzuki (9-03); Voloshin (9-03, 8-04, 9-05, 5-06); Wong (11-

03); Braaten and Kusunoki (11-03; 2-04; 12-04, 6-05, 7-05,

9-06); Swanson (11-03, 6-04, 10-04); Braaten, Kusunoki, and

Nussinov (4-04); Kalashnikova (6-05); AlFiky, Gabbiani, and

Petrov (6-05); El-Hady (3-06), Chiu and Hsieh (3-06); Zhang,

Chiang, Shen and Zou (4-06); Melikhov and Stech (6-06)

tetraquark: (eg)3(gc)s tetraquark: (ce)g(qq)s

Vijande, Fernandez, and Valcarce (7-04); Maiani, Piccinini, Polosa, Hogassen, Richard and Sorba (11-05);

and Riquer (12-04); Ishida, Ishida and Maeda (9-05); Ebert, Buccella, Hogassen, Richard and Sorba (8-06)
Faustov and Galkin (12-05); Karliner and Lipkin (1-06); Chiu

and Hsieh (3-06)

hybrid: (egc)

Close and Page (9-03); Li (10-04)
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In a two body system with short range interactions and
an S-wave bound state sufficiently close to threshold

Universal properties depending only on the large Braaten and Hammer
scattering length (a) [cond-mat/0410417]

This applies to the X(3872)

Braaten and Kusunoki

If a > (0 onebound state

LN Ex =/(2p) L MD)MD)
a " [x = 27,7/ 1t M(D®) + M(D™)
exp(—,1) T
T) — E p—
W) r ) = T VB

Very large average separation between the charm quark and antiquark

Since this behavior is universal it gives no > 7 fm
insight into how the bound state forms
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Strong S-wave coupling for 2P state

23 P,

|
° o
— o
T —

real bubble (GeV)

|
o
o

T

\

ireal bubble
©
o
T

°©

=

N
T

0.08 -

o

o

&
I

g bubble (GeV)
o
=
T

ima,

0.02

0.00

3.860 3.865

—0.04 =

3.870 3875
W (GeV)

|
o
=)
&
T

(GeV)
8
T

—-0.14 -

3.86 . . . . 3.87 . . . . 3.88 .
W (GeV)




For molecular interpretation:

™
A Ry oy o717 R
Vr T <'Yz + M ) 0 20 |
2 10|
Fit? Do
= I:,I .
0 00255 0.051 0.0765 ;
MDD - 2MIDT M) Cf-r"'.-"_.-"l.“‘:" vE (GeV)
Lattice calculation: Chiu and Hsieh [hep-lat/0603207]
My = = {(@ie) @) — (ea)(@rne)) signal

M, = (qvs7:9)(cc) M = 3890+30 MeV

V dependence
fits single meson

M3z = % {(arysvic)(eq) + (ev57:9)(qce)}
My = (¢v57:c)(aq)

X4(JJ) - {(qTCViC)ma(qCVSET)wa - (qC/YiTéT>xa(qTCV5C)xa}

-

Much work remains - quenched; single lattice spacing
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OptiOnS for Y(4260) (62 papers)

hybrid: (egc)
Close and Page (7-05); Kou and Pene (7-05); Zhu (7-05); Juge,
O'Cais, Oktay, Peardon and Ryan (10-05); Luo and Liu (12-05);
Chiu and Hsieh (12-05); Swanson (9-05, 1-06); Barnes (10-05);
Eichten, Lane and Quigg (11-05); S. Godfrey (5-06); Buisseret
and Mathieu (7-06);

threshold effect:

Beveren and Rupp (5-06); Rosner (8-06)

tetraquark: @.(@):, @@)s(ge)s, or (@)s(da)s

Liu, Zeng and Li, (7-05); Bigi, Maiani, Piccinini, Polosa and
Riquer (10-5); Yuan, Wang and Mo (11-05); Ebert, Faustov
and Galkin (12-05); Maiani, Riquer, Piccinini and Polosa (3-
06); Stancu (7-06); Cui, Chen, Deng and Zhu (7-06); Buccella,
Hogassen, Richard and Sorba (8-06)
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Y (4260)

Molecular state - Unlikely

Threshold effects -

Channel Threshold Energy Width Needs more
DT DI~ 4223.8 - P wave :
DD;(3/2%) 4286.5 20.3(1.7) D wave modeling
DD;(1/27) 4306(32) 329(76) S wave
DD, (3/27) 4327.5 43.8(2.0) D wave
D*Do(1/27) 4315(36) 276(66) D wave

Hybrid - Attractive

w
]

<a>/ O
s I
I, L

0 0.5 1
r (fm)
E. Eichten

1.5

S P D I, %

Fermilab - Wine and Cheese - Oct. 13, 2006

Close and Page [hep-ph/0507199]
Zhu [hep-ph/0507025]

Charmonium

Juge, Kuti,Morningstar
[nucl-th/0307116]
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Expect triplet
partners

How many
narrow!?

E. Eichten

Jre Degeneracies Operator
(Vi S wave 11—~ x" (D*)P
1= P wave Of+, 1+ 2F+ x" Dy
1= H, hybrid 0~ *t, 17+, 27+ x" B(D*)P
1t H, hybrid 0f—, 11,2+~ x" BxD
0t+ Hj hybrid 17~ x' B-Dy

Quenched Spectrum

[ [ [ [ [ [ [ [ | II_II' [ [ I_]
- 1 ]
4 __ISE‘: Hs ]
n [, ta £, e .
= 3 __1PHu _____ H, _
| ~ ]
£ - N
— 2 = —
7 - ]
: _Im _m_ _= _ m F ZS :
1 & & & 1P -
:I | | | | | | | | | | | | | | I:

0 0.1 0.2 0.3

a,/(2r,)
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Lattice calculations: M- M, mass spliting

(Mg is spin averaged mass)

M(17) = M(17) (leading order in 1/m.) |™*" " UKQCD o
CP-PACS 4
Juge et al. }—Q—{
McNeile review S—
ICHEP 2006 ‘ MILC ——
MILC e |
CP-PACS »
Light 17 ————
Y(3940) .
Two direct calculations: Y(4260): Y(ee0 ¢
0 0.5 1 1.5
Chiu and Hsieh [hep-lat/0512029] M- M GeV

consistent with D*Dgyo molecule: 4238(31)(57)
not hybrid ~4500

Luo and Liu [hep-lat/0512044]
consistent with hybrid: 4379(149)
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Analog States Above Bottom Threshold

NRQCD and HQS allow detailed predictions for the
scaling behavior in heavy quark mass.

Xc(3872) -> X, (10604)
New state present for threshold effect, molecular and
other four quark explanations.
Isospin violation likely small
Decay modes modified: B* -> B Y, nearest °P;(bb)
state below threshold, etc.

Y<(4260) -> Y}, -- Mass depends on interpretation
Hybrid - Scaling of SE with effective potential fixed

Threshold state - shifts with threshold values.

Observable at hadron colliders ?
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SUMMARY

* Narrow heavy-heavy states:
e The 2°P, and 3' S, charmonium states likely found.

o All three remaining low-lying L=2 charmonium
states are narrow: 1%, 1'D, 1°D,

* A proper calculation for the masses and decay rates
of these states must include the large effects from
nearby (real/virtual) open charm decay channels.

* Detailed predictions for masses, mixings and decays
using the CCCM give sensible results and can be
used to guide the identification of other missing
charmonium states.
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e QCD in all its richness:

The two states: X(3872) and Y(4260) do not fit
gracefully in any simple charmonium interpretation.

e [f X(3872) is a molecular state:
Possible analogy states in b0 system

Possible analogy states near other S-wave thresholds.

* [fY(4260) is a hybrid state:
0%, I-* and 2" nearby states.
Need lattice calculations.

* Need improved theoretical tools to study QCD at
threshold.
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Heavy-Light Predictions

TABLE I: The heavy-light spectrum compared to experiment. We report the difference between the excited state masses and
the ground state (D or B) in each case. We have assumed that AM (m.) = AM(my) = AM(c0) = 349 MeV.

charmed meson masses [MeV] bottom meson masses [MeV]

model experiment model experiment

D —D° 142 [a] 142.12 +£0.07 B* — B° 46 [a] 45.78 £0.35

D*t — Dt 141 [a] 140.64 +0.10 B*t — BT 46 [a] 45.78 £0.35

D:t — Df 144 [a] 143.8 4041 B!™ — B 47 [a] 47.0 £2.6

D°(07) — D° 349 B°(07) - B° 349

DT (")~ DT 349 BT (0")"B* 349

Df(07)"Df 349 [a] 349+ 1.3 [b] B (07)"Bf 349

D°(1%) — D°(07) 142 B°(17) — B°(0™) 46

DT (17)"D*(0") 141 BT(1T)"BT(0") 46

Df (1)~ D (0") 144 BX(1")"Bf(0%) 47

[a] Experimental input to model parameters fit. [b] BaBar result [1].

W.Bardeen, C.Hill, E.E. [Phys.Rev. D68, 054024 (2003) ]
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TABLE II: The predicted hadronic and electromagnetic transistion rates for narrow j; = 1/27(15) and j = 1/27 (1P) heavy-
light states. “Overlap” is the reduced matrix element overlap integral; “dependence” refers to the sensitive model parameters, as
defined in the text. We take G4 = 1 and extract ga from a fit to the D™ total width. Note that the €s transitions are sensitive
to rzs; if we implement the observed ratio of branching fractions (Ds(17) — Ds(07)7%)/T(Ds(17) — Ds(07)y) = 0.06240.026
then the E1 radiative transitions for the ¢s system should be reduced by a factor of ~ 3

system transition Q(keV) overlap dependence I' (keV) exptl BR
(ch) 1~ =0 +~ 137 0.991 7z, 33.5 (38.1+2.9%
1 =0 +7° 137 ga 43.6 (61.9 £2.9)%
total 77.1
(cd) 1~ =0 4+~ 136 0.991 724 1.63 (1.6 +0.4)%
1" =0 +7° 38 ga 30.1 (30.7 £ 0.5)%
1m—0 47t 39 ga 65.1 (67.7£0.5)%
total 96.8 96 + 22
() 1~ =0 +v 138 0.992 71z 0.43 (94.2+2.5)%
1= = 0" +7° 48 gadnmo 0.0079 (5.8 £2.5)%
total 0.44
(c8) 07 =1~ 4+ 212 2.794  7ras 1.74
0" — 0" +nx° 297 G A6ym0 21.5
total 23.2
() 1T =0T+~ 138 0.992 1L, 2.74
1" — 0" +7° 48 9AOyr0 0.0079
1" — 17+~ 323 2.638 1z 4.66
1t =0+~ 442 2437 1z 5.08
17 — 17 +7° 298 G Abyro 21.5
1T — 0" 427 221 90010y 4.2
total 38.2
(bu) 1~ —0 +~ 46 0.998 71, 0.78
total 0.78
(bd) 1~ =0 +~ 46 0.998 1, 0.24
total 0.24
(bs) 1=~ —0 +~ 47 0.998 1z, 0.15
total 0.15
(bs) 0T =1 +~ 293 2536 71, 58.3
0" — 0™ +7° 297 G A6ym0 21.5
total 79.8
(b5) 17 =07 +4 47 0.998 74, 0.061
1" — 1"+~ 335 2483  1rg, 56.9
1" =0+~ 381 2423 1y, 39.1
1T — 1" +7° 298 G 40470 21.5
1T — 0" 427 125 900104 0.12
total 117.7
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GeV AThreshold
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Look for other ID states and DDbar threshold

CDF Run Il Preliminary L~ 780pb™

1200 —

B
Yottt ot
HoooF_ iyt H

total signal yield: 2292 + 98

5 MeV/c?
|

800

entries / 2

600

400

200

3.75 3.8 3.85 3.9 3.95 4
m(JAyr*) [GeV/e?]
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